Abstract: Although protected forests are usually kept as free of human disturbance as possible, careful cutting may favour biodiversity in such areas. However, the use of heavy machinery during cutting operations may have a negative impact on protected forests. The large oaks (Quercus spp.) found in many temperate nature reserves have a rich associated biodiversity. In 25 conservation forests in Sweden, the basal area growth and mortality of 250 large oaks (31-110 cm DBH) were compared between plots that were partially cut to promote the growth and survival of oaks and undisturbed plots. Each forest had one treatment plot (1 ha) and one undisturbed reference plot (1 ha) with similar levels of canopy cover. In 2002-2003, about 25% of the basal area was harvested in treatment plots, thereby increasing canopy openness from 14% to 33%. Cutting increased the mean relative basal area growth of large oaks (49% by plot, 22% by tree) after four seasons (P = 0.026). However, in nine forests, the growth rate was not higher in the treated plot than in the reference plot. Mortality, apparently due to cutting, was recorded only in one forest, where 18 large oaks died. Tree condition (percentage of dead large branches in crown) was the best (negative) predictor of growth rate, and openness around oak crown was also a (positive) predictor. Partial cutting favoured the growth of oaks and may be recommended, but a ''hands-off'' policy is also effective for these conservation forests.
Introduction
In temperate forests, large oaks (Quercus spp., here, >30 cm DBH) have timber, cultural, and biodiversity values (e.g., Rackham 1998; Ranius and Jansson 2000; Johnson et al. 2002; Spector and Putz 2006) . In Europe, large Quercus robur L. and Quercus petraea (Mattuschka) Liebl. occur in many nature reserves and national parks. Formerly, many oaks grew on semiopen grazed agricultural land (Rackham 1998; Ranius and Jansson 2000) . Much of this agricultural land was abandoned over 50 years ago, and although oak regeneration did occur, many other trees species also invaded these areas, either early colonizers (e.g., Populus or Betula) or shade-tolerant species (Picea, Fraxinus, Acer, Ulmus, Tilia, or Fagus; Vera 2000; ; for North America, see Oliver et al. (2005) , Spector and Putz (2006) , and Brudvig and Asbjornsen (2007) ) Currently, the premature death of overtopped oaks and no or weak oak regeneration at the stand level are issues facing many managers of nature reserves.
Many forest reserves are ''managed'' with a goal of minimal human disturbance or influence (Henderson 1992; Vera 2000) . Alternatively, undesirable trees or shrubs may be cut, e.g., to favour light-demanding forest species. Cutting or harvesting around valuable large oaks may increase their survival (Read 1996) and improve seedling regeneration . In the short term, several groups of organisms are favoured by the canopy openings created by cutting (Götmark et al. 2005a; Franc and Götmark 2008; Økland et al. 2008; Paltto et al. 2008 ; but see Nordén et al. 2008) . However, it is unclear how large oaks respond to cutting and the associated disturbances (e.g., traffic, use of heavy machinery) (Read 1996; Bergquist and Isacsson 2002) . In about 100 Swedish stands with large oaks, extensive thinning evidently led to the deterioration of the remaining large oaks (Bergquist and Isacsson 2002) . In pine-oak forests in the United States, partial restoration cutting caused mortality of large trees 5 years after cutting (Fulé et al. 2007 ). Cutting in northern Europe is usually conducted with heavy machinery (harvesters, combined with forwarders to transport trees in stands), and the resulting soil compaction sometimes negatively affects tree growth and condition (Gaertig et al. 2002; Powers et al. 2005; Ilstedt et al. 2006) . Moreover, machinery may spread lethal fungi between stands. On the other hand, Singer and Lorimer (1997) found that crown release (thinning) favoured large trees in northern hardwoods (Wisconsin, USA).
Here, I test the hypothesis that conservation-oriented partial cutting (harvesting) favours stem growth of large oaks in mixed-species temperate forests. Besides growth, I recorded mortality of the large oaks. In treatment and undisturbed reference plots in 25 conservation stands in southern Sweden, oaks were resampled 4 years after partial cutting. To relate the treatment to other potentially important factors, I analysed several tree-and stand-related variables that may predict growth rates.
Materials and methods

Study area and plot characteristics
The 25 study sites are located in southern Sweden (Fig. 1 ) in a transition zone south of the boreal forest in northern Europe (Nilsson 1997) , which contains mainly temperate forest. Forest predominates in the study area, which is a smallscale mixture of lakes, mires, farmland, bedrock, and cities and towns. About 90% of the forest consists of production stands, dominated by mostly even-aged stands of Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) with a minor component of birch (Betula spp.) (Götmark et al. 2005b; Statistical Yearbook of Forestry 2007) . Seminatural stands form about 2%-3% of the forest area.
Historically, many pasture woodlands contained oaks, and during the succession that followed the abandonment of agriculture on these lands, oaks spread to some extent, as did other tree species. I studied such mixed stands, rich in large oaks (about 80-200 years old ), in sites abandoned about 50-80 years ago, located 5-230 m above sea level. Across the study area, mean monthly precipitation (July) decreases from *80 mm at the western sites to *55 mm at the eastern coastal sites. The mean temperature in July varies from *14 8C in the west to *17 8C in the east (Swedish Meteorological and Hydrological Institute, www. smhi.se). The 25 study sites had an average size of 23 ha (standard deviation (SD) 34, range 4-150 ha), and they were part of the Forest Agency woodland key habitats network or part of nature reserves (i.e., sites with an important biodiversity).
The 25 sites (stands) contained large oaks on mesic moraine (till) and relatively level, partly stony ground. Brown Gö tmarksoils dominated, with some Podsol at four sites with many Norway spruce. A larger clay fraction (10% or more) in the soil was recorded only at one coastal site, Vickleby (assessed by rolling soil sample by hand). In each stand in 2000, I delimited two plots (each 1 ha, at most sites 100 m Â 100 m). One of the plots was randomly assigned to be the experimental (cutting) plot; the other became the (undisturbed) reference plot (thus, 25 + 25 plots). The distance between the edges of the two plots varied between *25 and 250 m (mean *50 m). The partial cut took place in the winter of [2002] [2003] , and large oaks were studied before (2002) and after (2006) harvesting.
To document the basal area of trees before cutting, I measured all stems >5 cm DBH in 30% of the area of each plot (central part). The overall mean basal areas per site (plots pooled) of conifers, oaks, and other broadleaves were 3.5 (SD 4.0), 14.3 (5.3), and 10.6 (5.1) m 2 Áha -1 , respectively (n = 25). Thus, large oaks accounted for about 50% of the total basal area. For data on basal area for each site and tree species composition, see . At each site, the two plots did not differ significantly (P > 0.1) in terms of average tree basal area per hectare or average oak and non-oak tree structure. Quercus robur was much more common than Q. petraea (not quantified; because the two species are morphologically similar and may occur in the same habitats, their data were pooled).
Sampling of oaks and experimental treatment
For this study, five trees from each of the cutting and reference plots were randomly selected. We selected oaks among trees with >40 cm DBH (the largest at each site), but owing to the lack of trees >40 cm DBH at six sites, oaks >30 cm DBH were included at these sites. The selected oaks were at least 10 m apart from each other, were approximately 16-26 m tall, and were canopy trees (codominants). Because a few marked trees could not be relocated (nail disappeared) or were windthrown in 2006, the total sample size was lower than 250 (25 sites Â 10 trees) in several analyses. For growth analyses, there were 119 and 123 oaks in cutting and reference plots, respectively. All trees that were relocated in 2006 were included in mortality estimates. In the late summers 2002 and 2006, stem DBH (at 1.3 m) was measured with a diameter measuring tape to the nearest millimetre (the tree and the measurement location were marked with a small nail in 2002).
A relatively low harvest rate (25% of basal area) was motivated by the precautionary principle and the fact that selection cutting is often practiced, in Sweden and elsewhere, in stands that are similar to those in this study. In late summer 2002, we marked trees to be cut in the experimental plots, and harvesting was done from October 2002 to March 2003. Careful manual thinning was conducted near large oaks. We cut almost all spruces, some broad-leaved trees of intermediate size in the canopy and subcanopy, and oaks of intermediate size if they were common. Old, large trees of other broad-leaved species were usually retained. Although more trees were cut near large oaks, the cut trees were distributed fairly evenly across each plot. For Corylus avellana, on average, 50% of all bushes were cut. Cut stems were removed by forwarders that created tracks in the ground with soil mostly exposed. The length of these tracks was about 300-400 m per experimental plot.
Before cutting, the mean basal area per hectare in experimental plots was 28.5 m 2 (SD 4.2, n = 25). On average, 22.6% (SD 8.3%, n = 25) of this basal area was cut and harvested. Understory trees and bushes (DBH 0-4.9 cm) were not measured; about 50%-90% of these were cut and harvested (a higher proportion if there were many stems). Harvesting additional small trees in the understory increased the proportion of basal area cut to about 25%.
Canopy openness (visible sky) in experimental plots from ground level increased from a mean of 14.1% (SD 4.3%) before cutting to 33.2% (SD 8.6%, n = 25) after cutting (for methods, see . This relatively large change was caused by the reduction of both canopy and understory trees.
Oaks, stand factors, and statistical analysis
The initial diameter of the sampled oaks in the cutting plots was, on average, 60.3 cm (SD 18.5, range 32.3-136.0 cm, n = 119), slightly higher than that in the reference plots (56.9 cm, SD 14.0, range 30.7-103.1 cm, n = 123) but not significantly so (p = 0.11, t test). In 2002, diameter (but no other trait) of the large oaks was measured. In 2006, for each large oak, I quantified the following factors that may influence growth: degree of openness around oak crown, dead large branches in oak crown, and oak foliage condition (with binoculars).
Variables and their values are presented in Table 1 . For openness, the percentage of the crown perimeter with a gap of >1 m to neighbouring tree crowns was recorded visually from the ground in steps of 5%, i.e., from 0% (canopy closed around oak) to 100% (distance to other crowns >1 m all around the tree). Many oaks had dead branches partly because of shading from neighbouring trees. For each tree, the percentage of large branches that were dead was estimated visually. This percentage was an overall estimate (not an exact measurement) based on branches with diameters of *5-20 cm near the stem or inner central part of tree that were visible in the outer crown from the ground. The branches had been dead for a long time (>15 years); they had lost all or almost all their sapwood but retained their heartwood (based on visual inspection, binoculars). This estimate of dead branches is different from crown dieback or defoliation (e.g., Drobyshev et al. 2007b) , which is usually measured as loss of small shoots and leaves on living branches. Such defoliation was not common on the oaks at the study sites.
The oak leaves were sometimes yellowish (possibly indicating lack of nutrients; Hartmann et al. 1989) or brown (dead tissue), and the percentage of yellow-brown foliage was estimated (5%, 10%, etc.) for each tree. Finally, the presence and approximate area (square centimetres) of holes or damage on the stem were noted. Only 27 oaks (11%) had holes or damage. These lesions were usually less than 20 cm 2 (maximum 200 cm 2 ). Few had rot, so this variable was not used in the analyses. The large oaks were not damaged by the felling of other trees, except possibly their outermost crowns in a few cases.
To analyse intertree competition, I recorded the basal area (diameter) of all trees within 5 m of each focal oak (ground area of 78.5 m 2 ) in 2006. In the cutting plots, oaks dominated among the trees surrounding the focal oak, because other tree species had been selected for harvesting. For soil pH, data from April 2002 (before cutting) were available for each plot. I then took eight soil samples from the topsoil (0-5 cm depth, litter removed, each sample 150 cm 3 ) in each plot along two 100 m transects, pooled the eight samples, and analyzed pH (H 2 O) in the laboratory. Thus, for each plot, only one value was available and used in the analyses for the oaks there. Postharvest pH data were not available, but the range of pH values among sites was wide (Table 1) and therefore of potential interest.
As the climate differed among sites, I included climatic data in the analyses to represent site location. Precipitation was probably the most influential factor, with large variation among sites (Table 1) For the analysis of the experimental treatment effect, plots (n = 25 + 25) were the relevant statistical units, and I calculated the mean growth rate of individual trees for each plot. Under a null hypothesis of no average difference between plot types, the mean stem growth of oaks was compared between the reference plots and the treatment plots with a paired t test (two-tailed). A paired test was appropriate, as the plots were located within the same stand. Mortality data for the oaks are presented, but statistical analyses could not be performed on mortality data because of the small sample size.
To assess the predictive variables ( Table 1 ) or factors that may explain variation in growth rate among trees, I used the general linear model in SPSS, which combines ANOVA and regression. Relative basal area growth of oaks (n = 242) was the response variable, the variables in Table 1 (InitDiam, Openness, BranchDead, FoliageDam, BasAround, Soil-pH, Precipitat) were covariates (term used in SPSS), site (n = 25) was a random factor, and treatment (PartCutt, 0-1) was a fixed factor. Two variables (Soil-pH, PartCutt) were available only at the plot level, and one variable (Precipitat) was only available at the site level.
The distribution of residuals was checked on bivariate plots, and two variables (InitDiam, BranchDead) had a skewed distribution of residuals in relation to the response variable (Levene's test, p < 0.001). Log transformation of the response variable led to acceptable residual distribution (p = 0.07). The results of separate models with the untransformed and log-transformed variable were very similar, and to facilitate the interpretation of the results I used the untransformed response variable in the figures. Interactions between covariates were explored, but I found none that significantly improved the model (for sites, see below).
The problem of multicolinearity among predictor variables (covariates) was judged from pairwise Pearson correlations (PartCutt excluded). Of the 21 values of r, 14 values were below or equal to 0.20, 6 were between 0.21 and 0.40, and there was one value of 0.61 (-0.61, between Soil-pH and Precipitat, due to opposite west-east gradients for sites). This level of multicolinearity was judged not to be serious for the results reported.
Results
Effect of experimental treatment on oak growth rates in plots
The mean relative basal area growth of large oaks was higher in the partial cutting plots than in reference plots (p = 0.026, paired t test, Table 2 ). Based on plots, the treatment increased the relative basal area growth rate by 49% (Table 1 , by 50% for diameter growth rate). Based on trees, the treatment increased the relative basal area growth by 22% (means of 3.84% versus 3.15%, Table 2 ). However, at 9 of the 25 sites partial cutting did not lead to higher growth of oaks in treatment than in reference plots (Table 2) , and thus cutting in one or a few sites of the forest type studied might not reveal the overall positive effect. At Vickleby (Table 2) the mean growth rate of oaks in the cutting plot was only about half of that in the reference plot. At this site, cutting caused oak mortality (see below). Table 3 shows tests of among-subjects effects in the SPSS general linear model of growth rate. Besides significant variation in growth among sites (the site factor), BranchDead and Openness were significant factors (covariates) ( Table 3) . Interactions were included (added) in an alternative model, with site Â covariate (all individual covariates), but none of the interactions were significant (p > 0.11). Similarly, I added interactions dummy(treatment) Â covariate (all individual covariates) in a model, but none of these were significant (p > 0.065). Table 4 shows regression coefficients for parameters in the SPSS general linear model, with relative basal area growth as the response variable. BranchDead was a strong (negative) predictor of growth; Openness was an additional (positive) predictor in the model (Table 4 ). The contribution of individual sites to the model is evaluated in the run, but only 2 of the 25 sites added significant coefficients, one negative and one positive (Table 4) . Treatment (PartCutt) was not a significant factor in the model, nor were any of the other covariates included. Figures 2A and 2B show the relationships between relative basal area growth and BranchDead (negative) and Openness (positive factor). Separate analyses showed that Openness tended to be more important in treatment than in reference plots, but not significantly so (P = 0.08). Precipitat could not be estimated in the model (Tables 3, 4) . Figure 3 indicates that relative basal area growth of the large oaks was not related to precipitation. Soil pH had no effect in the model, and Fig. 4 indicates no relationship between soil pH and relative growth rates of the oaks.
Factors influencing growth rate of individual oaks
Tree mortality
Oak mortality was recorded in treatment plots at three sites. At site 8 and 21, one tree was felled by very strong winds in 2005. At Vickleby (No. 24) two of the five trees in the treatment plot were dead, and in total 18 large oaks were dead or almost dead in the plot in 2006. No oak mortality was recorded in the paired reference plot nearby. In 2006 the dead or nearly dead oaks were attacked by the honey fungus Armillaria mellea. Overall, mortality was zero in reference plots and 3.2% in treatment plots (4 of 123 oaks), corresponding to an annual mortality rate of 0.8% in these plots.
Discussion
Despite the use of heavy machinery, overall partial cutting increased the stem growth of the large oaks over a period of 4 years (see also Hartmann et al. 2008 , for lack of negative effects of machines and soil compaction on growth of large sugar maple (Acer saccharum Marsh.)). The observed increases in growth rate of 49% at the plot level and 22% at the individual tree level may not be considered high. We harvested a relatively small proportion of the total basal area in the stands (25%), and heavier thinnings might have led to higher growth rates among the remaining large trees (e.g., Singer and Lorimer 1997; Devine and Harrington 2006) .
How were the large oaks favoured after partial cutting? The mean openness around their crowns was 51% in treatment plots and 34% in reference plots, a change of about 17 percentage units as a result of cutting (assuming similar average initial crown openness; no measurements available from before treatment). The mean basal area of trees within 5 m of large oaks in cutting plots was reduced by 54%, from 1884 cm 2 in reference plots to 865 cm 2 after cutting (assuming similar average initial values in the two plot types). Growth of forbs and grasses (Gilliam 2007) , shrubs (e.g., Corylus avellana, Rhamnus frangula), and shade-tolerant trees (e.g Fraxinus and Tilia) was rapid from 2003 to 2006 in treatment plots (Götmark et al. 2005a; photographs in Götmark et al. 2007 ). The crowns of large oaks grew slowly in width (personal observations, see also Johnson et al. 2002, p. 198 , for large oaks).
The general linear model indicated significant variation in oak growth rate among sites, but sites had little influence in the regression model. Among the factors, belowground competition is best related to the basal area of the trees around the focal oak (BasAround). However, this factor was not significant in the regression, while openness around the oak crowns was a significant positive predictor of stem growth. These results are similar to those reported for thinned 20-year-old Betula alleghaniensis in Ontario (Wood et al. 1996) . A positive effect of increased openness around crowns is consistent with other studies of partial cutting, or crown release, and growth rate in Quercus spp. (Johnson et al. 2002; Ward 2002; Devine and Harrington 2006) . Openness provides extra light that can be used directly, whereas belowground, the focal oak competes with old, surviving neighbours and young plants for the newly available resources. The root systems of tall trees are large (Stone and Kalisz 1991) , and the area measured (BasAround) is Note: B is the coefficient in the model, and the response variable is log-transformed relative growth rate of oaks (n = 242).
a For descriptions, see Table 1 . b For 2 of the 25 sites, the coefficient (B) was significant in the model.
probably <50% of the total area where the focal oaks competed belowground. Reduced aboveground competition for light (increased openness) was probably the major explanation for the increased growth rate in the treatment plots, although reduced belowground competition may have contributed as well. Soil pH is assumed to be positively related to availability of nutrients for plants (Kimmins 2004, p. 296) . In the present study, the oaks grew in a wide range of soil pH levels. Although measurements were only made at plot level (n = 50), my results indicate that soil pH was not related to oak growth rate. In southwestern Sweden, which has a long history of acid rain, studies of crown condition and growth rate of large oaks suggest negative effects of low soil pH (Drobyshev et al. 2007a (Drobyshev et al. , 2007b . The negative effects previously reported occurred below a pH of 4.0 (also linked to low soil fertility). Above a value of 4.0, pH may not be related to oak growth rate (Fig. 4) . A complicating factor is the opposite east-west gradients for pH and precipitation, as shown by their negative correlation in this study (r = -0.61, n = 25). Soil pH increases from west to east, while precipitation decreases from west to east in the study area (Fig. 1) .
The proportion of large dead branches in the oak crowns was a major negative predictor of relative growth rate. In dense mixed conservation stands where large oaks compete with each other and with other species, the percentage of dead large branches in the oak crowns may be a simple but useful measure of future growth rate. In Quercus garryana Dougl. ex Hook., trees (about 30 cm DBH) with dieback of many original limbs also grew poorly (Devine and Harrington 2006) . In my study, the dead branches may reflect earlier damages, due to attacks by fungi, insects, or other pathogens or to light competition from neighbouring trees with better growth (e.g., shade-tolerant trees). The proportion of dead branches may be correlated with total crown leaf biomass or area, which was difficult to measure. More detailed measurements of crowns would be of interest (cf. Hix and Lorimer 1990) .
Heavy machines were used for harvesting trees, but we found little mortality of large oaks after four seasons, which is an encouraging result. However, at one site (Vickleby) mortality was substantial and likely due to the partial cutting and (or) conditions following cutting. In another part of this forest, partial cutting (by the same entrepreneur) was followed by oak death, while the mortality rate of the oaks in the nearby reference plot did not change. Vickleby had (surviving) trees with very low growth rates, suggesting a link between increased mortality and slow growth (cf. Woods 2000; Drobyshev et al. 2007a Drobyshev et al. , 2007b . Among the 25 sites, Vickleby had the largest clay fraction in the soil, and compaction (in our study, by forwarder) on clayey soils decreases forest growth (Powers et al. 2005 , for oaks see also the discussion in Gaertig et al. 2002) . In stands undergoing cutting, the role of soil type in the survival and growth of the remaining trees deserves more study. At Vickleby, the other major woody component, Corylus avellana, was unaffected by the oak decline and grew well after the partial cut (photo in Götmark et al. 2007, p. 17) .
With respect to alternatives to partial cutting, in the reference plots shade-tolerant trees continue to grow and compete with large oaks, potentially leading to an increase in oak mortality. So far, however, few large oaks have died at the study sites, and as evidenced by deadwood surveys, tree mortality (self-thinning) occurs mostly among younger nonoak deciduous hardwood trees (Nordén et al. 2004 ). In the partially cut plots, openness and continued growth can potentially produce old oaks (see also Singer and Lorimer 1997) . However, in the reference plots some degree of openness is created by storms and windthrow. Because oaks are much less subjected to windthrow than other trees ), I conclude that ''hands-off management'' in dense mixed-species oak-rich stands is also a possibility for maintaining large oaks and their associated biodiversity.
In conclusion, I found no or little evidence that cutting with heavy machinery in mixed dense temperate forests of conservation interest negatively affects the health of large oaks. The mean growth rate increased after the partial cutting, and there was little mortality. So far, I recommend the method used in this study to create conditions for oak regeneration and to favour biodiversity in the short term (Götmark et al. 2005a; Franc and Götmark 2008; Økland et al. 2008; Paltto et al. 2008 ; but see Nordén et al. 2008) . The growth response of large oaks may be predicted relatively well by the proportion of dead large branches in the crowns; above a value of about 25%, poor growth response may be expected. Whether mortality of large oaks increases after cutting on clayey soils should be studied. I suggest that not more than 30% of the basal area in each stand should be cut, and that not more than 70% of the area of this forest type should be subjected to partial cutting. This level of cutting ensures some oak regeneration, good growth of large oaks, and habitat heterogeneity at the stand and landscape scale that favours a variety of organisms.
